Despite increased stroke volume (SV), 'athlete's heart' has been proposed to have a similar left ventricular (LV) muscle function -as represented by LV twist -compared with the untrained state. However, the underpinning mechanisms and the associations between SV/cardiac output and LV twist during exercise are unknown. We hypothesised that endurance athletes would have a significantly lower twist-to-shortening ratio (TwSR, a parameter that relates twist to the shortening of heart muscle layers) at rest, but significantly greater LV muscle function during exercise. Eleven endurance trained male runners and 13 untrained males were tested at rest and during supine cycling exercise in normoxia and hypoxia (increased cardiac output but unaltered SV). Despite the expected cardiac remodelling in endurance athletes, LV twist, torsion, TwSR, strain and strain rate ('LV systolic mechanics') did not differ significantly between groups (P > 0.05). Structural remodelling, as per relative wall thickness, and LV twist did not correlate (r 2 = 0.04, P = 0.33). In normoxia and hypoxia, exercise increased LV systolic mechanics in both groups (P < 0.001), but with different relationships to SV and cardiac output. Conversely to our hypothesis, hearts of different size had similar LV systolic mechanics, suggesting that similar twist, torsion and TwSR at rest and during exercise irrespective of cardiac output may be an important mechanism in healthy hearts. We hypothesise that the regulatory 'purpose' of LV twist may be related to the sensing of maximal cardiac myofibre stress, which may act as a biologically purposeful limiter to contraction.
INTRODUCTION
Remodelling of the human heart because of chronic endurance exercise training is considered a normal physiological process resulting in 'athlete's heart' (Kindermann & Urhausen, 1991; La Gerche et al., 2013; Scharhag et al., 2002) . In general, an endurance athlete's heart is thought to have an increased performance (Kindermann & Urhausen, 1991) characterised by an increased stroke volume (SV) and maximal cardiac output, contributing to an enhanced endurance exercise capacity (Cumming, 1975; González-Alonso & Calbet, 2003; La Gerche & Gewillig, 2010; La Gerche et al., 2012; Maron & Pelliccia, 2006; Mortensen et al., 2005; Scharhag et al., 2002) . Recent data show that this process of cardiac adaptation occurs first by an increase in left ventricular (LV) mass and then by an enlargement of the LV filling volume, but ultimately results in a proportionately similar structure, as reflected by a comparable relative wall thickness, between endurance exercise trained and untrained individuals (Arbab-Zadeh et al., 2014;  c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society Nottin, Doucende, Schuster-Beck, Dauzat, & Obert, 2008) . However, in contrast to the current understanding that an athlete's heart has a superior function based upon its output -irrespective of whether the structural remodelling between the left ventricle and right ventricle is 'uniform' (Scharhag et al., 2002) or 'disproportionate' (La Gerche et al., 2010a) -long-term exercise training has been shown to result in a normalisation of systolic heart muscle function as represented by systolic LV twist (Weiner et al., 2015) . LV twist, torsion, LV shortening, twist-to-shortening ratio (TwSR), strain, and strain rate are collectively termed 'LV systolic mechanics' and represent measurements of systolic deformation of the heart muscle during contraction. At present, it is not known why LV twist may be similar in the remodelled athlete's heart, despite an increased stroke volume. It is somewhat expected that larger hearts should experience increased mechanical function because of the disproportionately greater lever arm of the epicardium (Henson, Song, Pastorek, Ackerman, & Lorenz, 2000; Liu et al., 2006; Lunkenheimer et al., 2004; Young, 2012) . Opposing this hypothesis is the potential for structural remodelling that may normalise the effects of an increased lever. Thus, measuring TwSR, which examines the 'transmural distribution of fibre shortening' (Arts, Meerbaum, Reneman, & Corday, 1984) and thereby the balance between the endocardial and epicardial levers, will provide new insight into cardiac function during structural remodelling (Figure 1 ).
During exercise, the generation of the larger stroke volume by the athlete's heart may be associated with further alterations in LV twist, torsion, TwSR or shortening due to differential acute responses in loading conditions and perhaps sympathetic state (Stöhr, Shave, Baggish, & Weiner, 2016) . Thus, examining the relationship between the output of the heart and the underlying muscular dynamics during exercise will advance our understanding of the athlete's heart in the wider context of normal, physiological cardiac adaptation. Previous work showed that cardiac output increased during exercise in hypoxia because of an increase in heart rate, but not stroke volume, while LV twist was also augmented (Armstrong et al., 2016) . These data suggest a dissociation between LV twist and stroke volume (and thus cardiac output), but whether the same phenomenon is present in the context of a chronically increased stroke volume in an athlete's heart is not known. Therefore, this study aimed to determine: (1) whether differences in TwSR might explain the previously observed preservation of LV mechanics in 'athlete's heart' at rest, and (2) whether the structural adaptations associated with 'athlete's heart' are associated with differential effects in LV mechanical function during exercise in normoxia and hypoxia. It was hypothesised that: (1) endurance trained runners would have significantly lower TwSR at rest, resulting in similar LV twist compared with untrained individuals, and (2) that 'athlete's heart' would be accompanied by significantly greater LV systolic mechanics during exercise in both normoxia and hypoxia.
METHODS

Ethical approval
Upon gaining ethical approval from the Cardiff School of Sport research ethics subcommittee ((15/4/07P) 15/5/05P), 13 male endurance runners and 16 untrained males, who were non-smokers, provided both written and verbal informed consent to take part in the study. This study conforms to the standards set by the latest revision of the Declaration of Helsinki, except for registration in a database. Endurance runners were required to have performed at least 40 km of distance running per week (minimum 10 km at one time) and to have regularly competed in organised events, whilst untrained individuals were defined as engaging in less than a total of 2 h of organised, non-competitive exercise per week. Identification of one participant with a resting hypertensive state (blood pressure >160/90 mmHg), one with an impaired LV filling pattern at rest (reversal of E and A waves, E/A <1), and insufficient quality of echocardiographic images in three other participants resulted in two trained and three untrained individuals being eliminated from the study. As a result, the final study sample consisted of 11 endurance trained runners (mean ± SD: age = 26 ± 6 years; height = 180 ± 6 cm; body mass = 72 ± 8 kg) and 13
New Findings
• What is the central question of this study?
What is the role of heart muscle function in the increased output of remodelled, larger hearts?
• What is the main finding and its importance?
The greater stroke volume of endurance athletes is not associated with enhanced function of the heart muscle (i.e. left ventricular twist, torsion and twist-to-shortening) in normal and low-oxygen environments. These data indicate that, in the process of cardiac adaptation, left ventricular twist may play an important role that is not related to generating a larger output. Since enlarged hearts with low output can develop in disease, the present findings may influence the future interpretation of heart muscle function in patients.
untrained individuals (age = 21 ± 1 years; height = 178 ± 6 cm; body mass = 79 ± 11 kg; all P > 0.05 other than age, P = 0.016).
Definition of LV systolic mechanics
In accordance with the majority of the physiology literature related to this study, we chose the term 'LV mechanics' . We acknowledge that the terminology 'kinematics' may be more appropriate since we measured deformation or motion and not force. However, to align with current terminology and to acknowledge that the kinematics we measured also include important underlying forces, we chose the umbrella term 'mechanics' to encompass both dynamics and kinematics.
Generic research design
This study utilised a cross-sectional, repeated measures research design investigating differences in LV twist, torsion, TwSR, basal and apical circumferential strain and strain rate ('LV systolic mechanics') between endurance trained and untrained individuals at rest and during progressive submaximal exercise. Participants were requested to attend the physiology laboratory on two separate occasions.
The purpose of the first session was to determine peak oxygen consumption (V O 2 peak ) and to familiarise the participants with the experimental set-up used in the second visit. During the second visit, a comprehensive cardiovascular assessment was performed at rest, followed by an incremental exercise test at three submaximal workloads, as detailed in the following section.
Detailed experimental procedures
Visit 1
Participants' height and body mass were recorded to the nearest millimetre and 100 g, respectively, using a stadiometer and an electronic weighing scale. A standardised incremental exercise test
Healthy 'UNTRAINED' LV Epicardial fibres:
Endocardial fibres:
Because of their greater lever arm, they determine the direction of overall twist and are considered the 'dominant' fibres.
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Conversely to (b), twist appears similar in 'athlete's heart' in the resting state. Since epicardial fibers now have a greater lever, endocardial fibres need to be proportionately stronger to result in similar twist. Evaluating the endocardial-epicardial balance by measuring the Twist-to-shortening ratio (TwSR) during exercise appears essential to determine the function of the remodelled 'athlete's heart'.
In left ventricles of increased size, epicardial fibres are even more dominant because of the greater lever arm due to the greater cavity size and hypertrophy, which should increase LV twist. Thus, 'athlete's heart' could be expected to have increased LV twist, confirming its "increased performance"
These fibres are thought to create an opposing force to the epicardial fibres, thereby acting as a 'break' to the overall twist. Larger hearts, such as those of athletes, would be expected to have greater twist, due to the relatively greater lever arm of the epicardial fibres. (c) Conversely to the increased twist anticipated in 'athlete's heart' described in (b), one study previously showed a maintained LV twist at rest. The mechanisms for this remain to be elucidated but may be associated with TwSR. Furthermore, no study has purposefully examined twist and TwSR during exercise stress, which may significantly advance our current understanding of the normal function of remodelled myocardium was then performed on a supine cycle ergometer with participants Once all test equipment was attached, the bed was tilted into the left lateral position at a 45 • , with participants' legs fully extended and supported to avoid tensing. A capillary blood sample (20 l) for the previously described analysis of lactate was drawn from the right ear lobe, 5 min after the positional change. Simultaneously, echocardiographic images were obtained by an experienced sonographer (E.J.S.) using a
2D and 4D ultrasound transducer (M5S-D and 4V-D, respectively, GE
Vingmed Ultrasound, Horten, Norway) connected to a commercially available ultrasound system (Vivid E9, GE Vingmed Ultrasound).
Echocardiographic images were recorded during brief periods of unforced end-expiratory breath holds for three to five consecutive cardiac cycles from the following anatomical windows: parasternal long-axis, parasternal short-axis (mitral valve, papillary muscle and apex) and apical triplane images. To ensure the reproducibility of echocardiographic images throughout each exercise interval, the transducer location on the chest at rest was marked with a marker pen and used as a reference point. Echocardiographic images were recorded in the same position at rest and during exercise in each participant. Images were obtained in accordance with current guidelines (Lang et al., 2015) and as outlined in previous publications by this research group Stöhr, González-Alonso, & Shave, 2011 ). Short-axis images used for subsequent analysis of LV mechanics and LV shortening were recorded at a fixed sampling rate of 80.6 frames s −1 .
Following the collection of baseline data, participants' feet were strapped to the supine cycle ergometer. Each participant then performed a warm-up identical to the one during the first visit and then proceeded to complete three consecutive 5 min exercise bouts at 30%, 40% and 50% peak power output obtained during Visit 1, which has previously been shown to be the most appropriate submaximal exercise protocol in relation to assessments of LV twist (Armstrong et al., 2016) . Echocardiographic images were recorded during the last 2 min of each 5 min stage. Capillary blood samples were obtained from the right earlobe within the last 1.5 min of each exercise stage.
Visit 2 -Hypoxic condition
To create a dissociation of heart rate and stroke volume but an increase in LV twist (Armstrong et al., 2016) , the same participants were tested in a hypoxic condition (12% F IO 2 ). Hypoxic air was created by a generator (McKinley Altitude Simulator Pro, Higher
Peak Performance, Staffordshire, UK) and stored in two 500-litre Douglas bags connected to a three-valve mouthpiece. Similar to the data collection at rest in normoxia, participants were breathing hypoxic air for 10 min at rest prior to data collection. The exercise protocol and data collection during exercise were identical to the normoxic condition. The order of conditions was counter-balanced and participants were blinded to the order. A 45-60 min rest period was performed between the two conditions, during which participants were allowed to drink water and walk around. Hypoxia caused a significant decline in oxygen saturation measured from a pulse oximeter (Autocorr 3304, Smiths Medical PM Inc., Waukesha, WI, USA) from rest across the different exercise stages in untrained controls (88.1 ± 5.6%, 82.9 ± 6.2%, 81.2 ± 5.7%, 79.2 ± 5.4%, P < 0.0001) and endurance athletes (90.1 ± 3.6%, 79.5 ± 5.6%, 78.0 ± 5.7%, 76.2 ± 6.7%, P < 0.0001), although the decline was significantly larger in endurance athletes (P < 0.01).
Data analysis 2.5.1 Blood pressure and heart rate
From the recorded blood pressure waveform, peak systolic, diastolic and mean arterial blood pressure along with heart rate were analysed (Chart version 5.5.6, ADInstruments) and averaged over the last 2 min of each exercise stage. Breath-by-breath analysis ofV O 2 was averaged over the last 3 min of each exercise stage.
LV dimensions
Echocardiographic images were imported into the manufacturer's analysis software (EchoPAC version 112 revision 1.0, GE Vingmed Ultrasound). Where possible, data were generated from the average of three consecutive cardiac cycles. Systolic and diastolic LV dimensions were analysed from parasternal long axis images using the 2-D (Bmode) technique (Lang et al., 2015) . LV volumes (end-diastolic volume (EDV) and end-systolic volume (ESV)) were determined by manual tracing of apical triplane images at end-diastole and end-systole, as stated in the software manufacturer's guidelines.
Speckle tracking echocardiography
LV systolic mechanics were quantified using speckle tracking Germany) that applied cubic spline interpolation on the average of all six myocardial segments, as previously described (Armstrong et al., 2016) . The systolic peaks of all LV systolic mechanics parameters were determined and used for the statistical evaluation.
Calculated parameters
SV was calculated by subtracting ESV from EDV and cardiac output was calculated by multiplying SV with heart rate. All cardiac dimensions, LV mass, EDV, ESV, SV and cardiac output were indexed to body surface area in accordance with general convention using the Du Bois-Du Bois formula (Du Bois & Du Bois, 1916; Wang, Moss, & Thisted, 1992) . Due to time restrictions during exercise, and a potential problem with collinearity during incremental exercise, relative wall thickness was measured at rest only, according to current guidelines (Lang et al., 2015) .
LV mass was quantified using the area-length method, whilst LV sphericity index was calculated by dividing the maximal LV length by the maximal LV diameter at end-diastole (Lang et al., 2015; van Dalen et al., 2010) . LV shortening was calculated as the end-diastolic length minus the end-systolic length (cm), from the mid-mitral plane to the apex. Peak LV twist values were obtained by subtracting the apical rotation data from the basal rotation data during systole. LV torsion was calculated by dividing twist (degrees) by end-diastolic length (cm).
TwSR was calculated to further determine the influence of different heart sizes on twist. In brief, the method was conceptually aligned with the original work by Arts et al. (1984) , which 'relates torsion to transmural distribution of fibre shortening' . The original shortening to torsion ratio was 'defined as the ratio of inner wall shortening
[a] to torsion [b] occurring during ejection' , where a can be interpreted as the reduction of the endocardial LV circumference and b as the difference in rotation between two short axis planes (also termed twist, or net twist angle), accounting for the distance between these planes and the outer radius of the LV circumference on a mid-papillary level. In other words, it is a normalisation of twist to the two main planes of LV shortening in relation to LV size.
Accordingly, the calculation in the present study was directly in line with the original concept, with two minor modifications, as explained as follows. First, we termed the calculation twist-to-shortening ratio because we interpreted the concept to normalise twist (and not torsion) in relation to circumferential and longitudinal shortening, as contained within the original work by Arts et al. (1984) . Second, we were interested in the instantaneous as well as the peak TwSR, and therefore we measured the end-diastolic endocardial circumference (cm) and multiplied it by the frame-by-frame circumferential strain, which produced a surrogate of the original 'inner wall shortening' .
We purposefully included the entire myocardium, not just the endocardial displacement, since LV twist is produced by the entire myocardium (ultimately analogous to the calculations by Arts et al. (1984) , where epicardial circumference was part of the calculation of 'torsion' and inner wall shortening was also included, thereby encompassing the whole LV circumference). Importantly, since the circumferential shortening of the LV base is different from the LV apex (Yin, 2008) , we 
Statistical analyses
Following the assessment of three untrained controls and three endurance trained athletes, we performed a sample size estimation based upon our study design, aiming for a power of 80% and of 0.05. The analysis revealed a sample size of 13 per group. Mean differences in relevant baseline variables were assessed using Student's independent samples t test with post hoc one-tailed evaluations of significance applied where appropriate. For the analysis of group and interaction differences between means at rest and across the three exercise conditions, 12 of the dependent variables were analysed using a twoway analysis of variance for repeated measures (ANOVA RM). For the remaining dependent variables missing values were present. In these cases, a mixed-model ANOVA was used utilising a compound symmetry heterogeneous covariance matrix to account for the missing values.
In all cases, residuals and fits were saved when running the ANOVAs.
All residuals were confirmed as being drawn from a population that 
RESULTS
Participant characteristics
A comparison of selected, relevant characteristics of untrained individuals and endurance-trained athletes is presented in Table 1 .
Endurance trained runners were significantly older (26 ± 6 vs.
21 ± 1 years, P ≤ 0.05), had a greater peak oxygen consumption even during supine cycling (V O 2 peak : 48 ± 7 vs. 36 ± 6 ml kg −1 min −1 , P ≤ 0.001), and achieved a higher peak power output (PPO: 244 ± 27 vs.
193 ± 33 W, P ≤ 0.001) for a similar peak lactate concentration (9.5 ± 1.4 vs. 10.0 ± 2.4 mmol l −1 , P = 0.54), indicating a similar maximal 10.0 ± 2.4 9.5 ± 1.4 0.54
Values are means ± SD. BSA, body surface area; IVSd, interventricular septum at end-diastole; LV, left ventricular; LVIDd, left ventricular internal diameter at end-diastole; MAP, mean arterial pressure; PPO, peak power output;V O 2 peak , peak oxygen consumption.
effort. Height, body mass, body surface area, mean arterial pressure and peak exercise lactate concentrations were similar between the two groups (P > 0.05). However, at rest, endurance trained runners had a significantly greater LV mass (LV mass: 181 ± 27 vs. 141 ± 18 g, P ≤ 0.001; LV mass index: 95 ± 12 vs. 72 ± 8 g m −2 , P ≤ 0.001, Table 1) and a larger end-diastolic volume (EDV: 148 ± 20 vs. 130 ± 19 ml, P ≤ 0.05; EDV index: 78 ± 12 vs. 66 ± 10 ml m −2 P ≤ 0.05), as well as a consistently larger stroke volume at rest and during exercise (P ≤ 0.05, Figures 2 and 3) . Conversely, relative LV wall thickness, LV twist, torsion, TwSR, strain and strain rate were not significantly different (P > 0.05). Furthermore, there was no significant association between relative wall thickness and LV twist at rest.
Responses to submaximal exercise
Responses to exercise in normoxia and hypoxia are presented in Tables 2 and 3 , respectively. In both conditions, all cardiovascular variables, including LV systolic mechanics, increased significantly with exercise in both groups (P ≤ 0.001), with the exception of EDV in normoxia, which remained statistically unaltered compared with resting values (P = 0.179). Endurance trained runners had a consistently lower heart rate but largerV O 2 (both P ≤ 0.05) as well as a larger EDV and SV during submaximal exercise (P ≤ 0.01, Tables 2 and 3) in normoxia. These observations were similar in hypoxia. Regarding LV systolic mechanics, apical circumferential strain was significantly greater in endurance trained runners in response to submaximal exercise (P ≤ 0.05). However, non-significant differences were observed between the two cohorts during submaximal exercise in the remaining cardiovascular variables and LV systolic mechanical parameters in normoxia and hypoxia (P > 0.05, Figure 2 and 3 
DISCUSSION
This study found that (1) comparable LV shortening and TwSR between the two study groups suggests that LV twist of the athlete's heart and untrained individuals is underpinned by a similar balance between the epicardial-to-endocardial distribution of fibre shortening, (2) LV twist and TwSR increased significantly during exercise, but to the same extent in both the large and the small hearts and (3) 
Systolic LV mechanics in 'athlete's heart' vs. untrained individuals
As expected, the current investigation showed that endurance trained athletes have a significantly greater LV mass, EDV and SV, compared with untrained individuals (Mihl, Dassen, & Kuipers, 2008; Pluim, Zwinderman, van der Laarse, & van der Wall, 2000; Weiner & Baggish, 2012) . Similar twist despite enlarged hearts complements the only other investigation that has previously suggested that rowing exercise training may initially increase LV twist but long-term exercise training results in a normalisation of heart muscle twist/torsion (Weiner et al., 2015) . Importantly, the present study shows that this maintenance was not associated with a simple upscaling of LV size because LV twist did not correlate with relative wall thickness as previously suggested (Lindman et al., 2009 Twist ( LV twist plays a particularly important role during systolic myocardial deformation by equalising the distribution of stress across the myocardial wall (Arts, Reneman, & Veenstra, 1979; Beyar & Sideman, 1986; Sengupta, Tajik, Chandrasekaran, & Khandheria, 2008; Vendelin, Bovendeerd, Engelbrecht, & Arts, 2002) . This stress distribution also depends on the balance between epicardial and endocardial forces as differences in these likely alter the transmural oxygen demand (Beyar & Sideman, 1986; Parikh, Hollingsworth, Wallace, Blamire, & MacGowan, 2016; Young & Cowan, 2012) . The present TwSR data present a significant advancement in the knowledge of LV mechanics in the athlete's heart as they indicate a maintained balance between endocardial and epicardial contributions to shortening. It is therefore likely that, during the process of structural remodelling, endocardial fibres have increased in force production compared with epicardial fibres. Whether this change requires proportionate or disproportionate adjustments -given the exponential growth of a circumference -remains to be determined.
Importantly, the two groups in this study displayed different associations between LV twist (and all other LV mechanics) and cardiac output (i.e. different slopes and/or shapes). Considering the wellknown relationship between cardiac output andV O 2 , which we also show for both groups in this study, a role of LV twist in cardiac output should have generated similar associations to the one between cardiac output andV O 2 . The hypoxic data extend this observation by revealing that the plateau seen in some associations in normoxia was not an indication of the maximum possible LV deformation of the hearts, since LV systolic mechanics were further increased in hypoxic conditions. Consequently, "LV twist mechanics may be more closely associated with intrinsic sensing of excessive [pressure] stress rather than being associated with the delivery of adequate cardiac output" (van Mil et al., 2016) . This is the first study to propose this in physiologically remodelled hearts with increased stroke volume, at rest and during exercise. We speculate that the present findings could lead to future research into the mechanisms of why both hypertrophic cardiomyopathic and dilated cardiomyopathic hearts do not generate the correct cardiac output, despite one disease state having a significantly larger end-diastolic volume than the other. It is possible that both reach their maximum LV twist -for different reasons -at their individual end-systolic configuration. Although myocardial wall stress could be implicated, a hitherto unexplored theory is that the transmural stress (a) 125
Exercise: P <0.0001
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Interaction: NS Twist ( Stroke volume and left ventricular (LV) systolic mechanics at rest and during progressive submaximal exercise in hypoxia. Similar to the normoxic condition, stroke volume was consistently larger in endurance athletes but LV systolic mechanics were not different between the groups. NS, not significant; TwSR, Twist-to-shortening ratio distribution may be more important than the absolute stress, and hence LV twist and TwSR may be involved (Beyar & Sideman, 1986; Choi, D'Hooge, Rademakers, & Claus, 2010) .
Another measurement that supported a consistent pattern of LV systolic muscle function between hearts of different sizes was the similar LV shortening in both study groups. These data strongly complement the LV twist and TwSR responses and are in agreement with recent findings in molecular cardiology (Reconditi et al., 2017) .
Once biological systems have fully adjusted after an adequate period of exercise training (Weiner et al., 2015) , the larger SV is probably generated simply by the increased end-diastolic size associated with enhanced end-diastolic compliance of athlete's heart (La Gerche et al., 2012; Levine, Lane, Buckey, Friedman, & Blomqvist, 1991) . To determine whether the athlete's heart is energetically more efficient requires future measurements of myocardial oxygen consumption alongside LV mechanics. Similarly, future studies should examine the effect of exercise on biological age as a potential mitigating factor to the typical age-related LV twist responses (Lumens, Delhaas, Arts, Cowan, & Young, 2006) . If LV twist plays an important role in structural integrity and, possibly, in sensing myocardial fibre stress (Carruth, McCulloch, & Omens, 2016; van Mil et al., 2016) , age-related increases in LV twist could be examined in the context of transmural cardiac stress. We propose that future studies investigate the 'Stress-Limited Output of the Twisting Heart' ('SLOTH') as a fundamental regulatory aspect of normal cardiac function.
Increased systolic LV mechanics during exercise
Although systolic LV mechanics were not significantly different between the groups, it is important to discuss that LV shortening and LV systolic mechanics increased markedly during exercise. Understanding the acute response of LV systolic mechanics to exercise is essential, as it represents a natural cardiovascular challenge that encompasses fundamental cardiovascular adjustments such as increased venous return and the Frank-Starling mechanism, increased contractility and altered afterload. Accordingly, augmented LV twist during dynamic cycling exercise was probably influenced by a combination of factors, such that the increased sympathetic state likely added to the reduced afterload (Balmain et al., 2016; Stöhr et al., 2016) . Furthermore, it is possible that the relative perfusion of the endocardium compared with the epicardium was reduced (Duncker & Bache, 2008; Heinonen et al., 2008) , thus altering transmural mechanics and affecting LV twist and TwSR as shown in this article (Beyar & Sideman, 1986) . Future studies should examine if TA B L E 2 Cardiovascular function in endurance athletes (ET) and untrained controls (UT) at rest and during exercise in normoxia Values are means ± SD. LV, left ventricular; TwSR, Twist-to-shortening ratio;V O 2 , whole-body oxygen consumption; W max , maximal power output.
the increased TwSR during exercise is indeed mediated by an acute reduction of the subendocardial perfusion to establish a causal link between these intriguing responses to exercise. Alternatively, the change in LV length and shape, as noted by the significant reduction in sphericity in both groups, may contribute to altered systolic mechanics.
Clinically, the present study also highlights that an increased TwSR during exercise seems normal. Whilst the failure to augment systolic LV function during exercise has long been recognised as an indicator of illness (Mustonen et al., 1988; Notomi et al., 2006; Okeie et al., 2000) , the present data provide a potential explanation for this phenomenon.
If the heart is not viewed as only a pump that is regulated to match its output with the peripheral demand (Bada, Svendsen, Secher, Saltin, & Mortensen, 2012; Munch et al., 2014) , but is also seen as a muscle that is 'tuned to the mechanical task' (Reconditi et al., 2017) , and optimised in its underlying structure to facilitate the most efficient (and therefore stress-minimized) ejection (Savadjiev et al., 2012) , then the failure to augment cardiac output during exercise stress may in fact be a protective mechanism to avoid further myofibre stress caused by additional shortening. Future studies in both healthy and clinical populations should attempt to address this in more detail and extend this concept to the right ventricle since this chamber has been suggested to experience disproportionate exercise-induced stress compared with the left ventricle (La Gerche et al., 2010a; La Gerche, Prior, & Heidbuchel, 2010b) .
Study limitations
Although the design of the present investigation had been developed and executed with an attempt of the highest rigor, there are several minor limitations that are worthy of brief discussion. Firstly, it cannot TA B L E 3 Cardiovascular function in endurance athletes (ET) and untrained controls (UT) at rest and during exercise in hypoxia (12% F IO 2 ) Values are means ± SD. LV, left ventricular; TwSR, Twist-to-shortening ratio;V O 2 , whole-body oxygen consumption; W max , maximal power output.
be ruled out that the significantly lower heart rate in the endurance athletes had an influence on the overall LV twist, although the hypoxia data suggest that the associations between heart rate and LV twist are inconsistent and more complex, and the small difference in heart rate therefore did not compromise the interpretation of our data. Similarly, we cannot fully exclude the possibility that the small difference in age had a minor influence on LV twist in the athletes. However, the actual age of our athletes was still low and previous studies have shown an increase in LV twist with a more advanced age (Burns, La Gerche, MacIsaac, & Prior, 2008) . In relation to this study, our athletes would have had a lower LV twist at the age of our untrained controls. This would go in the opposite direction of our data showing a consistently greater stroke volume at rest and during exercise, and therefore we do not think that the relatively small age difference and the low absolute age of the endurance athletes were important factors in this study.
The increased TwSR during exercise was suggested to reflect an altered balance between the endocardial-to-epicardial contributions to systolic contraction, possibly due to under-perfusion of the endocardial fibres because of enhanced myocardial work. However, it is acknowledged that by omitting to measure myocardial perfusion in the current investigation, this proposed mechanism is purely hypo- 
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.
F I G U R E 4
Relationships between LV systolic mechanics and cardiac output, stroke volume and heart rate in normoxia. Cardiac output and whole-body oxygen consumption (V O 2 ) were strongly associated on the same regression line in both groups. In contrast, relationships between cardiac output and LV mechanics were not consistent between the two groups. TwSR, Twist-to-shortening ratio (i.e. supine vs. upright cycling). Although this will have little impact upon the conclusions of the current study, supine cycling exercise may be associated with a differential response in LV systolic mechanics compared to whole body upright exercise. This is important to note especially when comparing findings against studies using different exercise testing modalities. Finally, the current data are limited to males and to submaximal exercise; the responses in females and to high intensity exercise may differ and must be studied in the future.
CONCLUSIONS
We conclude that the similarity in LV systolic mechanics between hearts of different sizes suggests that preserved twist, torsion and
TwSR at rest and during exercise may be an important mechanism in
healthy hearts that appears to be regulated irrespective of remodelling Heart rate (bpm) V O2 (mL/min -1 ) .
F I G U R E 5
Relationships between LV systolic mechanics and cardiac output, stroke volume and heart rate in hypoxia. Similar to normoxia, cardiac output and whole-body oxygen consumption (V O 2 ) were strongly associated on the same regression line in both groups. In contrast, relationships between cardiac output and LV mechanics were still not consistent between the two groups. TwSR, Twist-to-shortening ratio and cardiac output. We hypothesise that the regulatory 'purpose' of LV twist may be intrinsic to the cardiac muscle, not its output. This finding may be of great importance when interpreting the function of remodelled hearts in heart failure cardiac patients who are known to have been shown to have enlarged hearts but reduced LV twist and cardiac output. Future work should attempt to study the time course of LV twist and cardiac output across the heart failure spectrum. and contribution during data collection. Finally, appreciation is also acknowledged to Dr Phil Assheton, subject librarian at the University of Lincoln, for his additional advice and guidance regarding statistical analyses.
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